Abstract Polyaromatic hydrocarbon (PAH) sorption to soil is a key process deciding the transport and fate of PAH, and potential toxic impacts in the soil and groundwater ecosystems, for example in connection with atmospheric PAH deposition on soils. There are numerous studies on PAH sorption in relatively low organic porous media such as urban soils and groundwater sediments, but less attention has been given to cultivated soils. In this study, the phenanthrene parti- . Multiple regression analyses showed that the NCOC-based phenanthrene partition coefficient (K NCOC ) could be markedly higher than the COCbased partition coefficient (K COC ) for soils with a clay/OC ratio <10. This possibly higher PAH sorption affinity to the NCOC fraction needs further investigations to develop more realistic and accurate models for PAH mobility and effects in the environment, also with regard to colloid-facilitated PAH transport.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are found throughout the environment-in the air, water, and soil-and can persist for months or years (Mackay and Callcott 1998) . They are composed of two or more fused aromatic rings. The United States Environmental Protection Agency and the European Union have identified 16 PAHs as priority pollutants (including phenanthrene) because of their wide distribution in the environment and potential human health risks (Buco et al. 2004 ). Due to their known or suspected carcinogenicity and mutagenicity, the presence of these compounds in the environment has been of growing concern (Shin et al. 2008) .
Most of the PAHs are introduced into the soil from atmospheric deposition after local and long-range transport, evidenced by the presence of PAHs in soils of regions remote from any industrial activity (Thomas 1986 ). Other potential sources of PAHs in soil include application of effluents from public sewage treatment plants, coke ovens, leachate from bituminous coal storage sites, and use of soil compost and fertilizers (White and Lee 1980) .
The fate and transport of PAHs in soil and groundwater systems are associated with the processes of solubilization, sorption, desorption, and biodegradation (Yu et al. 2007; Yeom et al. 1996; Liu et al. 1991; Maxin and Kogelknabner 1995; Reardon et al. 2002) . The PAH compounds are characterized by strong hydrophobicity and primarily sorb to the organic matter (OM) in the soil (Pignatello 1998; Huang et al. 2003) . They have very low water solubility and high octanol/water distribution coefficients (K OW ). Studies have shown that the time taken to reach sorption equilibrium or complete desorption can be months or years (Pignatello 1989; Ball and Roberts 1991) . Weber and Huang (1996) and Leboeuf and Weber (1997) , among others, suggested that condensed regions in soil organic matter with properties similar to microporous aggregates may be responsible for the very slow sorption/desorption kinetics.
Several researchers have proposed the existence of multiple OM domains (Weber and Huang 1996; Xing and Pignatello 1997; Young and Weber 1995; Luthy et al. 1997 ), but only limited effort has been made to quantify these different domains. Recently, Dexter et al. (2008) suggested that it is not the total amount of organic carbon (OC) or OM that controls soil physical behaviour but the amount of complexed and noncomplexed organic carbon (COC and NCOC) (grams). Dexter et al. further suggested that 8-11 g of clay is needed to complex 1 g of OC and gave an average value of 10 g of clay. Thus, only if the Dexter index, n= clay/OC, is below 10 is the NCOC fraction present in soil. According to Dexter et al. (2008) , the use of COC and NCOC instead of OC enables two different types of soil (pasture and arable) to be considered on the same scale regarding soil physical properties.
For the prediction of transport of PAHs in soil and groundwater, for example, in risk assessments at PAHpolluted soil sites, two simple linear sorption equilibrium models are mainly used to calculate the partitioning coefficient, K D (liters per kilogram), between water and soil solids: the Karickhoff et al. and Abdul et al. models (Karickhoff et al. 1979; Abdul et al. 1987) . Karickhoff et al. developed their model by measuring adsorption of ten hydrophobic compounds including the PAHs naphthalene, phenanthrene, and pyrene on three groundwater sediments. Abdul et al. worked with three aquifer materials, five subsamples, and eight non-polar organic compounds (NPOC). In order to establish the final model, Abdul et al. grouped five more NPOCs from a previous study (Abdul and Gibson 1986) and another 20 from literature, giving 33 NPOCs in all including the PAH phenanthrene. Both studies (Karickhoff et al. 1979; Abdul et al. 1987) concluded that the sorption isotherms were linear over a broad range of aqueous phase concentrations.
Thus, sorption is considered one of the principal processes determining the bioavailability and movement of organic contaminants in the environment (Celis et al. 2006 ). de Jonge et al. (2008 concluded for eight European soils that the variability of K OC (liters per kilogram) values indicated that sorption could not be accurately predicted from soil OC contents alone. Celis et al. (2006) found that the sorption of phenanthrene was negatively related to clay size fraction through a combination of OM domain blockage and associated pH shifts, using soils with contents of OC and clay typical of agricultural topsoils. The interrelation between texture and composition of soil with chemical compounds indicates the need for further studies exploring the sorption behaviour of organic compounds in soils.
Generally, the models used for predicting K D for PAH compounds have been based on measurements on deep, low organic groundwater aquifer samples, and, to some extent, also subsoils at polluted soil sites where the organic matter quantity and quality is likely very different from agricultural surface soils. To enable the mobility and fate of deposited PAH to be estimated also in cultivated soils, we have carried out a preliminary screening study with the following objectives: (1) (Lamm 1971; Hansen 1976 ) contributed 41 samples. These soils are diverse and represent most Danish soil types of agricultural significance. The vast majority represents sandy soils with a low OC content, but highly organic peat soils are also present. We also sampled along three natural clay gradients, Årup (ten samples, clay ranging from 0.098 to 0.233 gg ). Finally, we sampled a range of Danish arable fields, entitled "Fertility Soils" representing both conventional and organic management.
The sampling depth ranged from 0 to 0.25 m (plough layer) for the topsoils and 0.25-1 m for the subsoils. The soils were air-dried in a ventilated room and gently crushed to pass a 2-mm sieve. Particle size distribution was measured by means of the pipette/sieve method (Gee and Bauder 1982) . The OC was determined by combustion at 1,650°C in a Leco CNS 1000 analyzer and subsequent infrared detection of CO 2 (Tabatabai and Bremner 1970) . Soil pH was measured in a soil water solution of 1:2.5 by weight.
Sorption Experiment
The phenanthrene sorption coefficient was obtained by a batch equilibration experiment using glass centrifuge tubes closed with Teflon caps. Triplicate soil aliquots (0.2 g) were hydrated with 0.5 mL of 2 mM CaCl 2 for 24 h, 9 mL of a 0.4-mgL −1 aqueous solution of 14 C phenanthrene (22.4 × 10 4 BqL −1 ) was added, and the samples were rotated end-over-end (30 rpm) at 20±2°C for 24 h. Sodium azide in a concentration of 1.0 gL −1 was added to the input solution to avoid microbial degradation of phenanthrene. A preliminary kinetic experiment showed that apparent equilibrium was reached within 24 h. After equilibration, the samples were centrifuged at 5,000 rpm for 1 h after which 3 mL of the supernatant solution was removed for analysis using a glass pipette. Phenanthrene concentrations were determined by liquid scintillation counting (Packard 2250 CA, Downers Grove, IL) by mixing 3 mL of solution with 17 mL of Ultima Gold scintillation cocktail (Packard, Downers Grove, IL). Radioactivity measurements were transformed to concentration values using the 14 C activity of the initial phenanthrene solutions. The amount of phenanthrene sorbed was calculated by the difference between the initial and final solution concentrations. Initial solutions without soil were also shaken for 24 h, and these served as controls.
Sorption Theory
The linear sorption isotherm can be described by the following equation:
where S is the amount of chemical sorbed (milligrams per kilogram) at the equilibrium concentration, C EQ (milligrams per liter), and K D (liters per kilogram) is the linear sorption (partition) coefficient. The organic carbon sorption coefficient K OC (milligrams per gram) is defined by the equation:
where f OC is the fraction of OC in the soil (grams per gram). In the most frequently used adsorption models, it is assumed that K OC can be estimated from the octanol/water distribution coefficient, based on the empirical relation:
Abdul et al. (1987) suggested A=1.04 and B=0.88 for PAHs and similar compounds, based on measurements on sediments with f OC between 0.004 and 0.02 gg −1 ; Karickhoff et al. (1979) suggested A=1 and B=0.21 for PAH sorption for soils with higher f OC contents between 0.028 and 0.033 g g −1 , while Karickhoff (1981) suggested A=0.989 and B=0.346 if f OC contents were between 0.11 and 2.4 gg
. Furthermore, Brown and Flagg (1981) found A=0.937 and B=0.006 for 19 compounds (f OC ranging from 2.8 to 3.3 gg −1 ).
Results and Discussion

Soil Texture
The agricultural soils represent a wide range in average total clay content (from 0.096 to 0.282 gg −1 ) and OC content (0.0055 to 0.016 g g −1 ) as shown in Table 1 . Figure 1a identifies the location of the samples in the three main regions: Jutland, Funen and Zealand, giving a representative sample of all agricultural soil types in the country. The soil texture class is a relevant parameter which can be analyzed through a texture triangle as presented in Fig. 1b . It demonstrates that: (1) DSL soils are mainly sandy loams, including Askov and Borris; (2) most of the fertility soils are sandy loams; and (3) of the transect soils, Årup samples were predominantly loams, Saeby clayey or clayey loams and Lerbjerg sandy clay loams. In general, the collected samples were dominated by sandy soils as would be expected from Danish samples. Mostly, they could be found in the bottom left section of the triangle, except for a few samples from Lerbjerg and Saeby that had a higher percentage of clay in their composition. The clay mineralogy in Danish agricultural soils is dominated by illite, followed by kaolinite and smectite (Møberg et al. 1988) . In order to investigate the Dexter et al. (2008) approach for this study, a texture characterization was made which allowed the classification of the soil samples and provided the relation between OC and clay according to the Dexter theorem. The results are shown in Fig. 1c , where, generally, the soils split into two groups with one group above and the other below the saturation line as defined by Dexter et al. (2008) . They proposed an n-index (ratio of clay to OC) of 10 gg −1 . This is in accordance with Schjonning et al. (2012) where results indicate that the clay/OC ratio of 10 can be regarded mainly as an index. For this reason, we assume that this concept is reliable and we expected an n value of 10 to be operational. Most of the topsoils (fertility and DSL) have an OC content Thus, they will contain both COC and NCOC as defined by Dexter et al. (2008) . On the other hand, most of the DSL subsoils are below the Dexter n=10 line and will only contain COC. The Årup clay gradient soils also represent a natural gradient in OC and closely follow the Dexter n = 10 line, while the Lerbjerg and Saeby clay gradient soils show relative constant OC contents and thus move across and mostly are below the Dexter n=10 line. Overall, the six data sets (115 topsoils and 28 subsoils) represent a very wide range in texture, OC and Dexter n. The fertility soils and DSL topsoils were expected to show a distinctly different behaviour for phenanthrene sorption compared to most earlier studies where the focus mostly has been on low-OC sediments with the typical absence of NCOC according to the Dexter et al. (2008) concept.
Phenanthrene Sorption
Assuming the Dexter approach of a difference between topsoils and subsoils, it was decided to analyze every sample for phenanthrene sorption to simulate the transport of PAHs in soil and groundwater. We subsequently introduced four earlier models (Table 2) by Karickhoff et al. (1979) , Karickhoff (1981) , Brown and Flagg (1981) , and Abdul et al. (1987) as the most commonly used to verify which approach would fit the soils under study better. It is worth mentioning that the range of f OC varied within the models, ranging from 0.11 to 3.3 gg −1 , and it must be taken into consideration that these previous similar studies involved a smaller number of samples. Thus, the extrapolation shall be managed accurately. Karickhoff et al. (1979) studied two classes of compounds; a class 1 matched the low-volatility materials with a water solubility of <500 ppb, and a class 2 included volatile materials with a water solubility of >500 ppb. In his 1981 study, Karickhoff focused on five compounds, four of these were PAHs and the fifth benzene. Brown and Flagg (1981) analyzed nine compounds covering the triazine and dinitroaniline groups and adding ten more from the Karickhoff et al. (1979) study. Finally, Abdul et al. studied 33 organic compounds including NPOC. All four studies included phenanthrene as an analyte. Therefore, each sample was identified in a regular K D vs. OC plot (Fig. 2a) . OM was already in previous works regarded as one of the most important parameters because of its impact on the adsorption phenomena which influence the mobility and availability of the contaminants in the soil matrix (Soares et al. 2010) . Even a low amount of organic matter is sufficient to dominate the sorption processes and is responsible for most of the sorption capacity of volatile organic compounds (Grasso 1993) . For every single sample, K D was measured according to Eq. 1. The estimated K OC values from the literature models were calculated from the K OW coefficient for phenanthrene (log K OW =4.57) and compared with the measured K OC , if applicable (Mabey et al. 1982; Prager 1995) , as in former studies ( Fig. 2a also show a few samples that could be considered as outliers, identified as "Askov A" (topsoil DSL sample) "Askov B," and "Højer B" (subsoil DSL samples). Effectively, the "Askov B" and "Højer B" samples exhibited an Ahorizon behaviour and therefore maybe a rapid organic matter turnover. Possibly, they were taken from a shallow soil with only two layers or a different sampling depth was applied, particularly for "Askov B." This sample has an OC content not that different from "Askov A," which is a topsoil with a high sorption capacity. "Højer B" has the highest K D of the subsoils, despite not having the highest OC content. Generally, the K OC values for topsoils were typically higher than for subsoils due to the larger amount of OC but also because of the effect of soil management and hydrological impact on OM quality. For a better prediction of K D for phenanthrene in cultivated topsoils, a K OC value around 15,000 Lkg −1 is proposed which is close to the average of the Karickhoff et al. (1979) and Abdul et al. (1987) models and corresponds with the estimate of 14,918 Lkg −1 by Karickhoff (1981) . In fact, the bestfit model based on measured data for cultivated topsoils is almost identical to the model proposed by Karickhoff (1981) , evidenced by the two practically overlapping lines (the blue continuous line and the black thin continuous line) in Fig. 2a . Furthermore, Gamst (2002, Ph.D. dissertation) and Hiller et al. (2011) also found that Abdul et al. (1987) underestimated and Karickhoff et al. (1979) overestimated K OC compared to measured values for naphthalene and phenanthrene, respectively, mainly for cultivated soils. Subsoil DSL samples with OM contents below 1.8 gg −1 were then analyzed independently (Fig. 2b) .
The analysis used the assumption of OC=0.58 OM, meaning that subsoils with less than 1.0 gg −1 OC (approximately) were represented. As described earlier, these subsoils mostly followed or were below the Abdul et al. model values, with K D values lower than 50 Lkg −1 , except for sample "Højer B" and two other samples which OC contents higher than 0.008 gg −1 .
Significantly, all samples below 0.005 gg −1 OC had a K D value lower than 50 Lkg −1 , proving the tendency for turnover to be low within subsoils. Thus, two analyses were performed separately, one including ). Soil conditions during sampling could justify the behaviour of sample "Højer B," as this was the only sample that was relatively humid at the top, thus contributing to a higher K D value due to the water content. This was probably the reason why this sample was the only that fell outside the confidence intervals. A value for K OC of around 4,000 Lkg , represented by the dotted red line (Fig. 2b) , is therefore suggested to achieve a better prediction of K D for phenanthrene in cultivated subsoils.
Subsequently, the non-aged topsoils were analyzed separately from the DSL soils in order to eliminate the possible interference of time. Figure 2c shows both nonaged topsoils (fertility and transect soils) as they were established within a K OC of 22,909 Lkg −1 (Karickhoff et al. 1979 ) and an estimated K OC of 8,200 Lkg −1
. As expected, at 14,721 Lkg −1 the K OC is practically halfway between the Abdul et al. (1987) and Karickhoff et al. (1979) model estimates, correlating moderately (r 2 = 0.53). Confidence intervals showed that 95 % upper and lower boundaries fit with Karickhoff et al. (1979) and Abdul et al. (1987) models, respectively, corroborating these and revealing six samples that fall outside the range (these being derived from fertility soils). A similar analysis (not shown) for these non-aged soils with selected Dexter n>10 resulted in a higher correlation (r 2 =0.61) but a lower K OC (K OC =14,081 Lkg −1
).
Effects of COC and NCOC
In order to analyze the effects of different forms of OC (COC and NCOC) on K OC , the same classes of nonaged soils (fertility and transect) were therefore selected, keeping the samples which have an amount of COC and NCOC. The following equations were consequently applied (where n is an integer number), assuming a value of n=10 as valid for the identification of COC and NCOC:
Two distinct models are presented (Fig. 3a-d ). For each model, two conditions were applied: the presence/absence of an intercept value on the y-axis and the inclusion of K OC alone or split between the complexed and non-complexed partition coefficients, K COC (liters per kilogram) (COC-based phenanthrene partition coefficient) and K NCOC (liters per kilogram) (NCOC-based phenanthrene partition coefficient). Values for K D were found by replacing the OC, COC, and NCOC in Eqs. 6, 7, 8 and 9 below. Model I introduces the equations for K D that either include (Eq. 6) or exclude (Eq. 7) an intercept value "b" and only consider the existence of K OC :
From Fig. 3a -b, we can see that model I correlations are identical (r 2 =0.41 in both cases), whereas the sorption affinity is somewhat higher in the absence of an intercept value "b" (K OC =15,027 Lkg ) for the same type of soils, there is, as expected, an increase in the sorption affinity for Dexter n<10. However, the yaxis intercept values are quite high, meaning that other parameters had an affect on the process. At the same time, the confidence intervals show that only one sample is above the upper boundary line, proving the consistency of the model.
Model II takes into account the presence of both NCOC and COC and the respective partition coefficients K COC and K NCOC, giving the following equations:
As stated before, K COC and K NCOC were defined separately to predict phenanthrene sorption and to verify differences in sorption between complexed and non-complexed organic carbon. Figure 3c -d indirectly indicates that NCOC, as expected, had a higher sorption affinity than COC, due to the comparison of "c" and "d" values. With "c" being approximately twice the value of "d" and with the partition coefficient K NCOC (18,454 Lkg −1 ) being almost 1.5 times higher than K COC (12,697 Lkg −1 ), this underlines the importance of this factor in the sorption process. Similar to model I, both y-axis intercept values were significant ( Fig. 3c-d) , with practically identical correlation values (r 2 around 0.53). The confidence intervals show the good fit of model II, where there is only one sample below the lower boundary (Fig. 3c) and two samples outside the range between the boundaries (Fig. 3d) .
It should be mentioned that K OC , K COC , and K NCOC could only be directly interpreted for Eqs. 7 and 9, i.e., when the intercept on the y-axis is the origin. As shown in Fig. 3 , large values were found for b and e, meaning that something else, possibly a soil structural parameter, played a role in the sorption process.
The better prediction accuracy of model II could thus be described by Eq. 10:
We can conclude that the applied models, based on the Dexter concept (for n<10), attribute much of the importance for phenanthrene sorption to NCOC. Neither can K NCOC and K COC be omitted if prediction of the phenanthrene partition coefficient K D is to be improved. It would be more correct to divide into NCOC and COC than using OC alone, confirming the Dexter et al. (2008) approach. Moreover, the possibly higher PAH sorption affinity to NCOC needs further investigation to develop more realistic and accurate models for PAH mobility and effects in the environment, also with regard to colloid-facilitated PAH transport.
Conclusions
This preliminary study on the sorption of phenanthrene in agricultural soils led to the following conclusions: (a) the phenanthrene sorption behaviour was markedly different for cultivated topsoils and subsoils, with typically higher K OC values for topsoils. The Karickhoff et al. (1979) and Abdul et al. (1987) The tendency for clay-OC interactions to part control PAH sorption behaviour and the introduction of the Dexter et al. (2008) concept into models for PAH sorption need further investigation on soils with a wider interval of dominating clay minerals, soil depth, and management.
